Abstract Three new linear pentapyrrole rubinoid analogs: 2, 3,7,8,17,18,22,23-octamethyl-12,13-bis-(2-carboxyethyl)-1,10,15,24,25,27,28,29-octahydro-27H-pentapyrrin-1,24-dione and 2,3,8,12,13,17,22,23-octamethyl-7,18-bis-(2-carboxyethyl)-1,10,15,24,25,26,27,28,29-octahydro-27H-pentapyrrin-1,24-dione as well as its 7,18-dihexanoic acid analog were synthesized, respectively, from 2,3,7,8-tetramethyl-(10H)-dipyrrin-2-one, from 2,3,8-trimethyl-7-[2-(methoxycarbonyl)ethyl]-(10H)-dipyrrinone, and from 2,3,8-trimethyl-7-[5-(methoxycarbonyl)pentyl]-(10H)-dipyrrinone. 13 C NMR and 1 H NMR measurements in (CD 3 ) 2 SO confirmed the pentapyrrole structures, while 1 H NMR data indicate intramolecular hydrogen bonding between the CO 2 H and dipyrrinone groups. Molecular mechanics modeling studies suggest stable U-shape conformations capable of encapsulating small planar aromatic molecules.
Introduction
The hydrogen bonding capability of dipyrrinones was first recognized in the structure (Fig. 1a) of bilirubin [1] [2] [3] , the yellow pigment of jaundice [1, 4] , where intramolecular hydrogen bonding between a dipyrrinone and carboxylic acid proved to be surprisingly effective in rendering bilirubinoids lipophilic, in dictating conformation [5] [6] [7] , and even in organizing self-assembly [8, 9] . Dipyrrinones are now known to be avid participants in hydrogen bonding [10] [11] [12] [13] , and, absent an available carboxylic acid group, they tend to form intermolecularly hydrogen-bonded dimers [14] . The dipyrrinone chromophore thus constitutes an effective molecular platform for molecular recognition [15] . Its proclivity to form intramolecular hydrogen bonds to a carboxylic acid group has been explored in numerous linear tetrapyrroles [16] [17] [18] [19] [20] [21] [22] , with chemically designed dipyrrinones [10] [11] [12] [13] [23] [24] [25] , and even with a few centrally expanded bilirubin analogs (Fig. 1b) [26] [27] [28] [29] [30] , some of which ( Fig. 1c) were designed to produce a concave conformation of possible use in sequestering planar guests. Though B-1 of Fig. 1b was found to exhibit most of the usual properties of bilirubin, the pigments of Fig. 1c proved to be too insoluble in nonpolar solvents, e.g., CHCl 3 , for ascertaining conformation and complexation [30] . Subsequent to that study, it was learned that tripyrrole D-1 [10] and hemirubin D-2 [11, 12] of Fig. 1d were intramolecularly hydrogen bonded, which suggests that the propionic acids of the pentapyrrole rubinoid 1 (Fig. 1e ) might also engage in intramolecular hydrogen bonding. Accordingly, we extended our studies of dipyrrinone hydrogen bonding to the synthesis of pentapyrrole 1, especially because molecular mechanics calculations predicted interesting folded conformations maintained by such hydrogen bonding.
Molecular modeling showed that 1 could populate two isoenergetic conformations. In each of these structures, six intramolecular hydrogen bonds were possible (Fig. 2) , with the overall shape of the molecule different from that of the ridge-tile conformation of bilirubin (Fig. 1a) , and now being held in a ''Z''-shaped conformation ( Fig. 3a) with the propionic acids and dipyrrinones oriented toward opposite faces of the central pyrrole ring. The most intriguing aspect of the stereochemistry of 1, however, was not the Z-shape but its ability to fold into a second type of conformation where the dipyrrinones and the acid chains were oriented toward the same face of the central pyrrole. This orientation left 1 in a ''U''-shaped conformation with a cavity cleft (Fig. 3b) , and it was 22.6 kJ mol -1 (5.4 kcal mol -1 ) more stable than the Z-shape. The greater predicted stability was apparently due to p-stacking interactions from the parallel chromophores, as both configurations maintained the same matrix of six intramolecular hydrogen bonds (Fig. 3c) . e The target pentapyrroles 1, 2, and 3 of this work. Their corresponding dimethyl esters (not shown) are designated 1e, 2e, and 3e, respectively These analyses prompted our expectation that other pentapyrroles might also adopt a U-shaped cavity, and molecular modeling produced two new targets, 2 and 3 of Fig. 1e , with acid chains attached at pyrrole b-positions 7 and 18, as opposed to 12 and 13 in C-2 of Fig. 1e . It was our expectation that 1-3 would have greater solubility than C-1 and C-2 in nonpolar solvents and would thus be more amenable to conformational analysis by 1 H NMR spectroscopy in CDCl 3 .
Results and discussion

Synthetic aspects
For the syntheses of 1-3, we used the retrosynthetic approach that was found to be successful in the preparation of C-1 and C-2 of Fig. 1c [30] (Scheme 1). Thus, given appropriate 9H-dipyrrinones and monopyrrole-a,a 0 -dialdehydes, one can see that verdin-like pentapyrroles 4-6 might be prepared by trifluoroacetic acid (TFA)-catalyzed condensation reactions similar to that first developed by Falk and Flödl [31] . The ''verdins'' would then be expected to be reduced by NaBH 4 to the corresponding rubins, 1-3. The synthesis of 4 made use of the known tetramethyldipyrrinone 7 [32] and the previously unknown monopyrrole 8, whereas the synthesis of 5 and 6 employed the known dimethylpyrrole dialdehyde 10 [33] and the previously unreported dipyrrinones 9 and 11. The preparation of 7 and 10 used a common intermediate, 3,4-dimethylpyrrole [34] , which was converted to 3,4-dimethyl-3-pyrrolin-2-one using H 2 O 2 in pyridine [34] and to its a-aldehyde [35] by a Vilsmeier formylation. Condensation of the aldehyde 3,4-dimethylpyrrole-2-aldehyde and the 3,4-dimethyl-3-pyrrolin-2-one in aqueous ethanolic KOH led to dipyrrinone 7. Conversion of the same pyrrole a-aldehyde to the a,a 0 -dialdehyde could not be accomplished directly by a second Vilsmeier reaction, probably due to deactivation of the pyrrole ring toward electrophilic attack by the aldehyde group already present. Although it was shown that 3,4-dimethylpyrrole-2-carboxylic acid could be converted to the dialdehyde with triethyl orthoformate in TFA, the monoaldehyde was protected by condensation with ethyl cyanoacetate and then submitted to formylation via the Vilsmeier procedure. Deprotection afforded the desired dialdehyde 10 in good yield.
For the synthesis of 8, we focused on preparing 3,4-bis(ethoxycarbonylethyl)pyrrole (17) and then building in formyl groups at both of the unsubstituted a-positions. A 13-step synthesis (Scheme 2) was initiated starting from succinic anhydride, as outlined in Scheme 2. Succinic anhydride was converted to its half-ester by reaction with refluxing ethanol, and the half-ester was immediately reacted with thionyl chloride to give b-carboethoxypropionyl chloride [36] as a clear liquid in 70 % yield. Acylation of t-butyl acetoacetate [37] was followed by the addition of p-toluenesulfonic acid as a catalyst, and distillation under mild vacuum gave the desired ethyl 4,6-dioxoheptanoate (12) in 41 % yield. Potassium fluoride-catalyzed Michael addition [38] of ethyl acrylate to 12 gave diethyl 5-acetyl-4-oxooctanedioate (13) in 89 % yield. We used a 3:4 molar ratio of acrylate to heptanoate, which maximized the formation of 13 and essentially completely reduced all side products. The resulting pure diethyl 5-acetyl-4-oxooctanedioate (13) was converted into a pyrrole by a modified Fischer-Knorr pyrrole synthesis to afford a 71 % yield of 14 with the two required b-propionic ester groups. The target intermediate 17 required the removal of both a-substituents from 14, which was thought to be best accomplished by decarboxylation. And so the a-CH 3 was converted to a-CO 2 H by perchlorination using SO 2 Cl 2 , followed by hydrolysis. This procedure resulted in partial saponification of esters, forming a mixture of three products; however, all remaining esters were saponified in aqueous ethanolic potassium hydroxide. After acidification, the desired pyrrole tetra-acid 15 was recovered in a moderate yield of 55 % over two steps (the lower than expected yield was most likely due to incomplete perchlorination). The tetra-acid was surprisingly stable, turning pink only after several days at room temperature and exposure to air. The b-propionic acid groups were then selectively esterified by reaction in TFA with triethyl orthoformate [39] over a period of 2 days to afford diethyl ester 16 in excellent yield. Several unsuccessful attempts to decarboxylate the a-carboxyl groups of 16 by heating the solid directly, or in a Kugelrohr oven under vacuum, up to 280°C, and under nitrogen, were followed by successful decarboxylation following Woodward's method [40] in which an intimate mixture of the diacid diester with sodium 
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Z-shape U-shape -22.6 kJ mol -1 . Fig. 3 acetate and potassium acetate was heated to 140°C (liquefaction occurs) under an atmosphere of nitrogen. This procedure gave pyrrole ester 17 in moderate yield (62 %). Although a-H pyrroles can be formylated using ethyl or methyl orthoformate in TFA, formylation by Vilsmeier reactions was deemed more appropriate in order to avoid TFA-catalyzed intramolecular acylation of a b-propionate onto the a-carbon-as seen in earlier work [41] . Thus, a Vilsmeier reaction on 17 was carried out in dry ether with N,N-dimethylformamide and phosphorous oxychloride at 5°C to give pyrrole 18 in 56 % yield after hydrolysis. Attempts to introduce a second formyl group by repeating the Vilsmeier reaction on 18 failed.
Attachment of a second formyl group could be accomplished only after first protecting the formyl already present using ethyl 2-cyanoacetate catalyzed by diethylamine. The adduct 19 obtained (in 47 % yield) was then converted to its diethyl ester to improve solubility for the second Vilsmeier reaction. Conversion to its dimethyl ester was attempted without success using diazomethane, however. Diazomethane possibly reacted with the activated vinyl group of the protected aldehyde, as no desired product or starting material could be isolated after the reactions. Esterification of 19 proceeded smoothly, however, using TFA and triethyl orthoformate in a reaction allowed to proceed over a period of 2 days at room temperature to afford 20 in 98 % yield. This conversion of 17 to 20 required three steps, including the final re-esterification. So a route was explored to preserve the ester groups throughout formylation and protection and thus save one reaction step. When the workup of the Vilsmeier reaction of 17 was modified to use aqueous sodium acetate instead of aqueous sodium hydroxide, the ester groups were preserved, and 21 was obtained as a light brown viscous oil in 79 % yield. Its formyl group was then protected with ethyl cyanoacetate to give 20 in 88 % yield, and a much better yield over all. The vacant a-position of 20 was formylated using phosphorous oxychloride and N,N-dimethylformamide to give pyrrole 22 as a bright yellow viscous oil in 63 % yield. Deprotection of the first introduced formyl group was accomplished using strong base, which also saponified the ester groups and gave a,a 0 -diformylpyrrole diacid 23 as a pink oil in 67 % yield. Again, esterification using diazomethane failed to give the desired product, but with trimethyl orthoformate and TFA in methanol, the esterification proceeded smoothly to the target pyrrole 8 in 73 % yield. The synthesis of dipyrrinones 9 and 11 required the previously described 3,4-dimethylpyrrolinone [34] and monopyrrole diesters 24 and 25 [42] as shown in Scheme 3. Oxidation of the a-CH 3 of 24 and 25 using ceric ammonium nitrate (CAN) [43] in acetic acid-H 2 O-tetrahydrofuran (THF) afforded pyrrole aldehydes 26 and 27 in 95 % yield. Formylpyrrole 26 was then stirred for 48 h at room temperature with 3,4-dimethyl-3-pyrrolin-2-one in the presence of 40 % aqueous potassium hydroxide under nitrogen and in the dark. After acidic work-up, dipyrrinone 28 was obtained as a yellow precipitate in 48 % yield. Although Woodward et al. [40] had achieved decarboxylation of an a-CO 2 H pyrrole, we were uncertain whether a similar decarboxylation might occur with 28. Gratifyingly, we found that decarboxylation of the carboxy group at C(9) of 28 proceeded smoothly. Thus, sodium acetate trihydrate, potassium acetate, and diacid 28 were ground together in a mortar, and the intimate mixture was transferred to a round-bottom flask where it was smoothly decarboxylated at 130-140°C. This new procedure gave pure 30 as a beautiful yellow precipitate in 70 % yield. It was then esterified to its methyl ester using diazomethane to give the target dipyrrinone 9 as a bright yellow solid in 72 % yield after purification.
Similarly, the a-methyl group of pyrrole 25 was oxidized with CAN to give aldehyde 27 (in 96 % yield), which was stirred for 48 h at room temperature with 3,4-dimethyl-3-pyrrolin-2-one in the presence of 40 % aqueous potassium hydroxide under nitrogen and in the dark. After an additional 4 h of reflux and acidic work-up, dipyrrinone 29 was obtained as a bright yellow precipitate in 50 % yield. Decarboxylation of 29, as for 28, at 135°C gave pure 31 as a bright yellow precipitate in 95 % yield. It was then esterified using diazomethane to give dipyrrinone 11 as a bright yellow solid in 93 % yield after purification.
With all five components in hand, two equivalents of the appropriate dipyrrinone synthons were condensed with one equivalent of their complementary monopyrrole synthon dialdehyde to construct pentapyrrindiones 4-6. As per Falk and Flödl [31, 44] , coupling the appropriate dialdehydes and a-free dipyrrinones using TFA as solvent at 70°C for 2 h afforded high yields of pentapyrrindiones as blue-green solids (Scheme 1). Although condensation reactions run at room temperature showed no product formation after 18 h, product formation was observed in minutes at elevated temperatures (ca. 70°C), and the reactions were usually complete in 1 h [30] . The reactions were monitored by periodically quenching an aliquot of the reaction mixture with triethylamine and following the disappearance of the dipyrrinones and the appearance of the product by thin layer chromatography (TLC). The reactions of dipyrrinone 9 with dialdehyde 10, dipyrrinone 7 with dialdehyde 8, and dipyrrinone 11 with dialdehyde 10 were completed in 71, 60, and 91 % yields, respectively.
The three verdin analogs (4-6) of Scheme 1 could then be reduced easily to their corresponding rubin dimethyl esters 1e, 2e, and 3e using NaBH 4 in CH 3 OH-THF [30] while sonicating the reaction mixtures (Scheme 1). Reductions of pentapyrrindiones 5 and 6 with NaBH 4 proceeded slowly, with the color remaining blue-green, then gradually turning to red during 3 h, and finally to yellow (after further addition of NaBH 4 ) during 2 h. The yields of pentapyrrole rubin dimethyl esters 2e and 3e, after purification by silica-gel flash chromatography, were 97 and 94 %, respectively. Pentapyrrindione 4 reacted with NaBH 4 much more sluggishly, with the color remaining blue-green and then gradually turning to red during 3 h, before finally turning to yellow (after further addition of NaBH 4 ) during 5 h. The yield of pentapyrrole rubin dimethyl ester 1e, after purification by silica-gel flash chromatography, was 70 %. All three of these rubin dimethyl esters were soluble in chloroform and showed unusual 1 H NMR and UV-Vis spectral properties. The target pentapyrrole rubin acids 2 and 3 were obtained by saponification of the corresponding rubin esters 2e and 3e with NaOH in methanol-tetrahydrofuran at reflux for 3 h in yields of 84 and 64 %, respectively. Again, due to its lack of solubility in methanol, pentapyrrole rubin acid 1e required a much longer time (8 h) to completely saponify. It finally yielded acid 1 in 81 % yield.
Solution, chromatographic, and NMR spectral properties
The three pentapyrrole rubin diacids 1-3 exhibited very different solubilities and chromatographic properties. All are soluble in (CH 3 ) 2 SO 4 , as is C-2, a regioisomer of 2. Rubin acid 1 is slightly soluble in CHCl 3 but insoluble in CH 3 OH, whereas 2 is insoluble in CHCl 3 and only slightly soluble in CH 3 OH. Hexanoic diacid 3 is slightly soluble in CHCl 3 and slightly soluble in CH 3 OH. Typically, bilirubin analogs that are insoluble in CHCl 3 are usually soluble in CH 3 OH, which is seen only for diacid 2 (and C-2). Diacid 1, however, behaves very similarly to bilirubin: slightly soluble in CHCl 3 and insoluble in CH 3 OH, which suggests that diacid 1 might be expected to engage in intramolecular hydrogen bonding.
Further insight into the polarity and therefore the preferred conformations of 1-3 were obtained from highperformance liquid chromatography (HPLC). The reversephase HPLC method developed by McDonagh (using methanol with di-n-octylamine acetate) [45] is very sensitive to small changes in polarity. For example, the greater polarity of 2 and 3 and similar polarity of 1 as compared with mesobilirubin are revealed by their reverse-phase retention times. Using McDonagh's buffer [45] (0.1 M di-n-octylamine acetate in CH 3 OH, pH 7.7, 5 % H 2 O) as eluent and mesobilirubin as a reference standard (retention time 17.4 min), its analog with ethyl groups replaced by methyls elutes faster (11.2 min), and 2 and 3 are comparably fast (11.3 and 11.5, respectively), but 1 elutes even more slowly than mesobilirubin (22.0 min). These data are consistent with intramolecular hydrogen bonding in 1, and less so for 2 and 3.
The assigned constitutional structures of the pentapyrrole rubinoid diacids 1-3 and C-2 are consistent with their 13 C NMR spectra data (Table 1) , which show signals that correlate well with the expected molecular symmetry. The 13 C chemical shifts of the component dipyrrinones compare very favorably with those of permethylbilirubin [28] , suggesting no strong perturbing interactions between the central pyrrolyl units and the flanking dipyrrinones. The low solubility of 2 in CHCl 3 made it impossible to determine its 1 H NMR spectrum in CDCl 3 , although spectra could be obtained in (CD 3 ) 2 SO (Table 1) .
Pentapyrrole rubin diacids 1 and 3 are soluble in CHCl 3 and thus 1 H NMR spectroscopy could be used to probe their conformations in CDCl 3 . Table 2 shows a comparison of their chemical shifts with the bilirubin analog 3,18-desvinyl-3,18-dimethylbilirubin-IXa (D-3 in Fig. 1 ).
These data support the earlier suggestion from solubility and HPLC measurements that diacid 1 maintains intramolecular hydrogen bonding, somewhat comparable to that of a bilirubin. In bilirubins, the 1 H NMR N-H chemical shifts of the pyrrole and lactam have proven to be an excellent way to determine whether the dipyrrinone units of bilirubins are involved in intramolecular hydrogen bonding [13, 19, 20, 27, 28] . Previous studies have shown that the carboxylic acid COOH appears near 13.6 and the lactam and pyrrole N-H groups appear near 10.6 and 9.2 ppm, respectively, in CDCl 3 solvent when the dipyrrinone and carboxylic acid groups are intramolecularly hydrogen bonded, as shown in Figs. 1a, 2, and 3. In (CD 3 ) 2 SO solvent, the distinctions seen for the dipyrrinone N-H groups by 1 H NMR in CDCl 3 are altered, and all pyrrole N-H resonances appear near 10.2 ppm ( Table 1) . The data for diacid 1 follow the behavior of 3,18-desvinyl-3,18-dimethylbilirubin-IXa (D-3) in CDCl 3 and in (CD 3 ) 2 SO, suggesting that it is involved in a similar sort of intramolecular hydrogen bonding. Another interesting result from the NMR data obtained in the nonpolar solvent CDCl 3 are the relative positions of the central pyrrole N-H groups of 1 and 3. For diacid 3, it is 9.08 ppm and for 1 it is 6.91 ppm. These very different chemical shifts suggest that 1 and 3 adopt quite different conformations in nonpolar solvents. In contrast, in the polar solvent (CD 3 ) 2 SO, the chemical shifts (d = 9.30 ppm for 1 and 9.25 ppm for 3) are very similar (Table 1 ) and rather like the 9.08 ppm value seen for the pyrrole N-H of 3 in CDCl 3 . The large upfield shielding of the central pyrrole proton of 1 in CDCl 3 suggests diamagnetic shielding due to the central pyrrole N-H lying above or below the flanking dipyrrinone p-systems. The conformational picture that emerges for 3 is thus entirely consistent with the U-shaped and Z-shaped configurations shown in Fig. 3 .
Information on the conformations of the pentapyrrole rubin dimethyl esters 1e-3e can also be extracted from their NMR spectra. The N-H chemical shifts (Table 3) of 1e-3e and C-2e in (CD 3 ) 2 SO are, as expected, all very similar to the corresponding lactam and pyrrole N-H chemical shifts of the tetrapyrrole analog, the dimethyl ester (D-3e) of 3,18-desvinyl-3,18-dimethylbilirubin (D-3). In CDCl 3 , the tetrapyrrole rubin dimethyl ester D-3e is thought to exist as an intermolecularly hydrogen-bonded dimer, and its lactam N-H becomes slightly more deshielded than the pyrrole N-H (Table 3 ) [39, 46] . In pentapyrroles 1e-3e and C-2e, the lactam and pyrrole N-H signals are even more strongly deshielded than in the tetrapyrrole ester, suggesting that intermolecular hydrogen bonding in these molecules has intensified. Further insight into the conformations of the esters may be gained from an examination of the vicinal splittings of the -CH 2 -carboxylic acid ester groups (Table 4 ). The C(10) -CH 2 -of D-3e is a singlet, but in 1e-3e and C-2e the hydrogens are nonequivalent, and large geminal splittings are observed. In addition, the -CH 2 -CH 2 -propionic ester segments of 1, 2, and C-2e and the hexanoic ester segment of 3e are apparently much less flexible than in D-3e and show well-defined sets of doublets of doublets of doublets in 1 and C-2e and doublets of triplets in 1e and from the e-methylene (C(7 1 ) and C( 18 1 )) of 3. The data may be contrasted with the simple triplet in D-3e. The splittings in the propionic and hexanoic segments are more like those seen in bilirubin (ddd for ABCX) than its esters (t for A 2 B 2 ), and are consistent with a picture where motion in the propionic acid groups of the esters is restricted by intramolecular hydrogen bonding. The verdinoid pentapyrrindione dimethyl esters 4e-6e exhibit properties very similar to those of mesobiliverdinXIIIa dimethyl ester. They are soluble in chloroform and insoluble in methanol. Their proton and carbon NMRs, consistent with their structures and with the NMR of the decamethyl analog of Falk and Flödl [31] , are relatively simple due to symmetry [45] . In 1 H NMR in CDCl 3 , they have two N-H signals at 9.1, 8.9, and 9.2 ppm (2 hydrogen integration), as seen for 4, 5, and 6, respectively, and at 12.3, 12.0, and 12.3 ppm (1 hydrogen integration), respectively. These data clearly indicate that the central N-H is hydrogen-bonded to its neighboring pyrroles and the lactam N-H groups are not hydrogen-bonded to their neighboring pyrrolenes. Complete conjugation along the pentapyrrindione backbones of 4-6 is indicated by the characteristic peaks around 7 ppm in 1 H NMR and around 113 ppm in 13 C NMR, consistent with the (9Z,15Z) exocyclic double bonds as determined by Falk and Flödl for the decamethyl pentapyrrindione [31] . Further insight into the preferred conformations of the pentapyrrole rubinoids was provided by an analysis of the diacids using UV-Vis spectroscopy (Table 3 ). The UVVis spectra (Table 5 ) of yellow diacids 1-3 and C-2 were found to be solvent dependent. Pentapyrrole rubinoid acids 2, 3, and C-2 show blueshifted (hypsochromic) spectra in nonpolar solvents and redshifted (bathochromic) spectra in polar solvents. These data suggest a conformational change from an intramolecular hydrogen-bonded conformation in nonpolar solvents to a more open conformation with less hydrogen bonding in polar solvents. The data from 1 differ and are more consistent with the behavior of bilirubin and mesobilirubin, where smaller solvent shifts and a bathochromic shift in nonpolar solvents are seen. The data are consistent with 1 adopting an entirely different conformation from those of 2, 3, or C-2, which probably adopt rather similar conformations.
In contrast, the pentapyrrole yellow-orange rubinoid methyl esters all show relatively similar wavelengthshifting patterns in solvents of varying polarities. The least polar solvents (lower dielectric constants) are expected to promote intramolecular hydrogen bonding, whereas the more polar solvents (higher dielectric constants) should interfere with intramolecular hydrogen bonding and support monomeric species, with solvent intermolecular hydrogen bonding to the pigments. Unlike the acids (Table 5) , this trend is repeated throughout the UV-Vis spectra for all four esters. The nonpolar solvents benzene and chloroform show consistent shifts around 390 nm, while the polar solvents DMF ((CH 3 ) 2 NCHO) and DMSO ((CH 3 ) 2 SO) show consistent shifts above 400 nm ( Table 6 ).
The verdinoid molecules have interesting and unusual UV-Vis spectroscopic properties (Table 7) . This is obvious upon visual examination as all three new pentapyrrindiones are green. UV-Vis spectroscopy of the three new pentapyrrindiones revealed two characteristic [44] absorbances at around 730 nm and 460 nm in CHCl 3 . These two wavelengths of light correspond to the primary colors blue and yellow, respectively, and are the source of the green color of 4-6.
Circular dichroism
When a compound absorbs UV-Vis left and right circularly polarized light unequally, it exhibits circular dichroism (CD). From CD measurements, one can often deduce the handedness or stereochemistry of the molecule. In certain cases, achiral molecules or even racemic mixtures can be complexed with chiral molecules, and an induced circular dichroism (ICD) results. An example of the latter can be seen with bilirubin [48] , which exists as two interconverting conformational enantiomers with (M) and (P) helicities. Since these two conformations are isoenergetic enantiomers, bilirubin is racemic and does not show a CD (because there is no discrimination between the (M) and (P) helicities). However, discrimination (chirality) can be induced by shifting the (M) and (P) conformational equilibrium in bilirubin following binding to a protein. In this situation, an ICD can be measured. Although many proteins can induce a CD in bilirubin, human serum albumin (HSA) and bovine serum albumin (BSA) have been studied most often, and they tightly bind bilirubin [49, 50] . Pentapyrrole rubin diacids 1, 2, 3, and 4, like bilirubin, are achiral and do not show a CD. However, in the presence of aqueous HSA in a 2-to-1 protein-to-pigment ratio, CD from the pigment can be detected (Table 8 ).
The presence of bisignate curves indicates that the diacids probably have fixed chiral conformations when bound to HSA and BSA. When diacid 2 is bound to HSA and BSA, it behaves similarly to mesobilirubin. When diacids 1, 3, and C-2 are bound to HSA, the signs of their CDs are opposite, and when bound to BSA, the signs of their CDs are the same as mesobilirubin. The origin of the optical activity comes from the pigment adopting a chiral conformation selected at the binding site on the protein. The observed bisignate CDs come from exciton coupling of the two electric dipole transitions: one from each of the pigment's twin dipyrrinone chromophores (those from the long wavelength UV-Vis excitation near 410 nm). The protein acts as an enantioselective binding agent and constrains the pigment to adopt a chiral conformation.
Conformational analysis
Given that the U-shape of pentapyrrole 1 was favored energetically over the Z-shape (Fig. 3) , the geometry of the U-shaped conformer cleft (Fig. 4a ) was probed to learn if it could accommodate a guest molecule.
The global minimum configuration optimized p-stacking by orienting the chromophores 3.0 Å away from one another [51, 52] . If a guest molecule was going to be bound inside the cleft, this distance needed to be *6 Å [49, 50] . Using molecular modeling, it was discovered that the distance between the chromophores could be increased to 5.8 Å and that a cleft did open in a favorable fashion to accompany guest inclusion, as shown in Fig. 4b . Several polycyclic aromatic hydrocarbon (PAH) guests were modeled as a probe of the dimensions of the pocket and the binding ability of the pentapyrrole, which showed the unique ability of pentapyrrole 1 to bind relatively large and flat aromatic guest molecules such as naphthalene, anthracene, phenanthracene, methoxsalen, 5-fluoroacid, etc., by expanding its cleft while still retaining its moiety of six hydrogen bonds. Yet, despite the apparent potential of 1 to act as a host for methoxsalen and pyrene, 1 H NMR measurements designed to detect complexation [51] in CDCl 3 indicated no binding. Here, as well as with 2 or 3 (predicted binding cleft 5.8 Å ), the central pyrrole ring that serves as the floor of the potential binding well is simply too narrow (*5.4 Å ), and a wider gap is predicted to be required. Guests with nonplanar shapes (cyclophosphamide, cytarabine, and ifosfamide) did not maximize the pstacking in the cleft and therefore had lower binding energies.
Concluding comments
New pentapyrrole rubinoids 1-3 synthesized from monopyrroles were designed for intramolecular hydrogen bonding, as predicted by molecular dynamics calculations using Sybyl. Such intramolecular hydrogen-bonded structures may adopt Z-shaped and U-shaped conformations (Fig. 2a) . The former consist of isoenergetic enantiomeric conformers (Fig. 2) . The latter, which is predicted to be more stable, is a conformation with a cleft (Fig. 3b, c) that is potentially capable of trapping small planar molecules such as 5-fluorouracil (Fig. 4b) . However, we could detect no bonding between the U-shaped conformer and the fluorouracil.
Experimental
All nuclear magnetic resonance (NMR) spectra were obtained on Varian (Palo Alto, CA, USA) 500-MHz ( 1 H) and 125-MHz ( 13 C) instruments or a General Electric (Fairfield, CT, USA) QE-300 MHz instrument in deuteriochloroform (CDCl 3 ) unless otherwise indicated. Chemical shifts are reported in ppm referenced to the residual chloroform proton signal at 7.26 ppm and 13 C signal at 77.23 ppm unless otherwise noted. Melting points were taken on a Thomas-Hoover (Swedesboro, NJ, USA) capillary apparatus. Elemental analyses, obtained from Desert Analytics (Tucson, AZ, USA), were within ±0.4 % of the calculated values. High-resolution determinations of molecular ions were obtained from the Proteomics Center of the University of Nevada. All ultraviolet-visible (UVVis) spectra were recorded on a PerkinElmer (Waltham, MA, USA) k-12 spectrophotometer, and all infrared spectra were obtained on a PerkinElmer 1600 FT-IR instrument. Mass spectral data were obtained on a Hewlett-Packard (Palo Alto, CA, USA) 5970 mass-selective detector unless otherwise indicated. HPLC analyses were carried out on a PerkinElmer Series 4 high-performance liquid chromatography with an LC-95 UV-Vis spectrophotometric detector (set at 410 nm) equipped with a Beckman-Altex (Brea, CA, USA) ultrasphere-IP 5 lm C-18 ODS column (25 9 0.46 cm) and a Beckman ODS precolumn (4.5 9 0.46 cm). The flow rate was 1.0 cm 3 /min, and the elution solvent was 0.1 M di-n-octylamine acetate in 5 % aqueous methanol (pH 7.7, 31°C). Circular dichroism spectra were recorded on a Jasco (Oklahoma City, OK, USA) J-40 spectrometer. Analytical thin-layer chromatography (TLC) was carried on J.T. Baker (Phillipsburg, NJ, USA) silica gel IB-F plates (125 lm layer). Flash column chromatography was carried out using 60-200 mesh silica gel (M. Woelm, Eschwege, Germany). For final purification, radial chromatography was carried out on 1-or 2-mm-thick rotors of Merck (Darmstadt, Germany) silica gel PF 254 396, 2,921, 1,663, 1,637, 1,443, 1,390, 1,267, 1,167 , 944, 691 cm
; UV-Vis data in In a 100-cm 3 round-bottom flask equipped with a heating mantle and reflux condenser, 9 mg dimethyl ester 3e (0.012 mmol) were dissolved in 10 cm 3 THF with 7 cm 3 CH 3 OH and saponified as for 1. Sodium hydroxide (1 cm 3 , 1 M) was added, and the solution was heated at reflux for 3 h under N 2 and in the dark. The solution was then cooled and the solvents were removed (roto-vap). Water (10 cm 3 ) was added to redissolve the salts, and the solution was acidified to pH 5 with 1.0 M HCl. The resulting precipitate was allowed to stir in the acid solution for 20 min and then collected by centrifugation. The yellow-green pentapyrrole rubin was washed with water (3 9 20 cm 3 ), re-centrifuging each time, and then collected by filtration. Yield: 6 mg (0.007 mmol, 64 %); m.p.: 226°C (dec); UV-Vis data in Table 5; 1 H NMR and 13 C NMR in Table 1 . 3 Erlenmeyer flask and placed in a sonicator bath under a nitrogen blanket. Methanol (10 cm 3 ) was added, followed by 10 mg NaBH 4 , and the reaction was sonicated for 3 h. Additional sodium borohydride (10 mg) was added, and the reaction was sonicated for another 5 h. Sonication was stopped and hydrochloric acid was added until the yellow mixture's pH was 3. The mixture was taken up in 50 (4Z,20Z)-2,3,8,12,13,17,22,23 25.3, 29.5, 29.9, 34.5, 51.9, 97.3, 113.4, 129.6, 129.7,  136.9, 138.2, 139.9, 140.0, 143.3, 154.8, 168.5, 171.4 3 ) was added, and the mixture was stirred at room temperature overnight under nitrogen. Triethyl orthoformate (2 cm 3 ) was added to the solution and stirred overnight under N 2 . The solvents were removed (rotovap), and the resulting oil was purified by flash chromatography (TLC silica gel deactivated with 10 % H 2 O using CH 2 Cl 2 -CH 3 OH 99. 1,672, 1,637, 1,273, 1,350 dry THF and added to a 100-cm 3 round-bottom flask equipped with an addition funnel. The mixture was cooled to -20°C in a dry ice-2-propanol bath, and 9.3 g freshly distilled SO 2 Cl 2 (69 mmol) was added dropwise with stirring at a constant temperature of -15°C. The addition took 10 min. The reaction mixture was then stirred at -10°C for 1.5 h and then at 5°C for 3.5 h. The mixture was then quenched with 5 cm 3 H 2 O, added dropwise, and with the temperature kept below 7°C. After allowing the quenched reaction mixture to come to room temperature overnight, the THF and most of the H 2 O were removed (roto-vap). The residue, when cooled to -30°C, afforded a white solid which was collected by suction filtration and washed with CH 2 Cl 2 to afford 2.8 g of a mixture of three pyrroles. These were immediately dissolved in 35 cm 3 95 % ethanol and transferred to a 250-cm 3 round-bottom flask equipped with a reflux condenser and a heating mantle. Potassium hydroxide (1 M aq., 130 cm
3 ) was added all at once to the stirred solution, and the mixture was heated at reflux for 3.5 h. The ethanol and most of the H 2 O were then removed (roto-vap), and the reaction was cooled to 5°C. Nitric acid (40 cm 3 ) was added dropwise, with the temperature kept below 7°C. The resulting while precipitate was collected and dried overnight in a desiccator at 0.07 mbar. Yield: 2.8 g (7.3 mmol, 40 %) 4 mmol), 3.5 g sodium acetate trihydrate, and 3.5 g potassium acetate were ground together in a mortar, and the intimate mixture was transferred with a spatula to a 25-cm 3 round-bottom flask equipped with a condenser, magnetic stirrer, and an inlet through which a nitrogen atmosphere could be maintained throughout the procedure. The reaction mixture was immersed in an oil bath at 105°C and the temperature was rapidly increased. At 100°C (bath) liquefaction occurred. Stirring was started and at 115°C decarboxylation began. The bath was maintained at 135-140°C until the evolution of carbon dioxide ceased (ca. 30 min). The reaction mixture was then cooled to room temperature and partitioned between H 2 O and CH 2 Cl 2 . The H 2 O layer was washed with three portions of CH 2 Cl 2 (3 9 15 cm 3 ), which were then combined and washed three times with 5 % aq. NaHCO 3 (3 9 25 cm 3 ), and dried over anhydrous Na 2 SO 4 . After filtration to remove Na 2 SO 4 , the solvent was removed (roto-vap), leaving the desired diester 17 as an extremely unstable colorless oil which was used immediately in the next step. Yield: 0.86 g (62 %); 1 3 ) was added, and the mixture was stirred for 15 min while the solids dissolved. Diethyl amine (2 drops) was added, and the mixture was heated at reflux for 4 h. The mixture was then cooled to room temperature, and the solvent was removed (roto-vap). The salts were taken up in a minimal amount of warm H 2 O and cooled to 5°C in an ice bath. Upon adding one drop of concentrated HCl, the desired pyrrole precipitated and was collected by suction filtration to afford a nonoptimized yield of the desired protected aldehyde. Yield: 33 mg (0.10 mmol, 47 %); m. into an ice bath and stirred magnetically for 30 min. Cerium(IV) ammonium nitrate (16.6 g) was added all at once, and the mixture was stirred at 5°C for 1 h. The mixture was allowed to warm to room temperature, transferred to a separatory funnel, and 500 cm 3 water were added. The solution was extracted with CH 2 Cl 2 (3 9 100 cm 3 ), and the organic phases were then combined, washed with aq. NaHCO 3 (5 %, 4 9 100 cm 3 ), and dried over anhydrous Na 2 O were combined. The mixture was placed into an ice bath and stirred magnetically for 30 min. Cerium(IV) ammonium nitrate (16.6 g) was added all at once, and the mixture was stirred at 5°C for 1 h. The mixture was allowed to warm to room temperature, transferred to a separatory funnel, and 500 cm 3 H 2 O were added. The solution was extracted with CH 2 Cl 2 (3 9 100 cm 3 ), and the organic phases were then combined, washed with aq. NaHCO 3 (5 %, 4 9 100 cm 3 ), dried over anhydrous Na 2 SO 4 , then the solvent was removed (roto-vap). This procedure afforded 27, which was recrystallized from ethanol. Yield: 2.0 g (6. transferred with a spatula to a 25-cm 3 round-bottom flask equipped with a condenser, magnetic stirrer, and inlet through which a nitrogen atmosphere could be maintained throughout the procedure. The reaction mixture was immersed in an oil bath at 115°C and the temperature was rapidly increased. At 117°C (bath) liquefaction occurred. Stirring was started and at 120°C decarboxylation began. The bath was maintained at 135-140°C until the evolution of CO 2 ceased (ca. 25 min). The reaction mixture was then cooled to room temperature and suspended in 30 cm 3 H 2 O. Concentrated HCl was added (7 drops to pH 3) and the resulting yellow precipitate was collected by centrifugation, washed twice with ice-cold H 2 O (separation by centrifugation) and dried under vacuum (2 mbar 
